The authors sought to determine the incidence and risk factors for perioperative cardiac adverse events (CAEs) after noncardiac surgery using detailed preoperative and intraoperative hemodynamic data.
PERIOPERATIVE cardiac events remain a lethal complication after noncardiac surgery. 1, 2 Despite decades of research into event prediction and prevention, the incidence of the events has remained largely unchanged at approximately 1% for a general surgery population. 1, [3] [4] [5] [6] Even classically held preoperative optimization techniques such as preoperative coronary revascularization and ␤ blockade have failed to demonstrate convincing benefits in all but the highest-risk patients. 2, 7, 8 Furthermore, it has been nearly a decade since the publication of the Lee Revised Cardiac Risk Index (RCRI), the most widely used cardiac event risk stratification system. 6 The medical management of chronic conditions such as diabetes mellitus and renal insufficiency has evolved since the advent of the Lee RCRI. [9] [10] [11] [12] [13] [14] In addition, there is no current literature addressing the impact of intraoperative anesthetic hemodynamic management on perioperative cardiac events. Despite the widespread clinical assumption that intraoperative hypotension and tachycardia may cause perioperative cardiac events, there are no clear data establishing what specific level of intraoperative hypotension is associated with cardiac events, and no large dataset evaluating intraoperative tachycardia.
The American College of Surgeons-National Surgical Quality Improvement Program (ACS-NSQIP) initiative uses trained and tested clinical data collectors to extract perioperative information regarding a random sample of general surgery operative cases throughout the United States. 15 It includes a detailed 30-day follow-up with a structured interview and standardized definitions. When combined with a given institution's automated anesthesia intraoperative record, the ACS-NSQIP dataset offers a unique opportunity to assess the relationship between a patient's preoperative comorbidities, intraoperative hemodynamics, and 30-day cardiac adverse events (CAEs). 16 A comprehensive model incorporating these patient characteristics and hemodynamics could improve the care of patients by guiding intraoperative and postoperative management.
Materials and Methods
Institutional review board approval was obtained for this prospective observational study at a single, large, tertiarycare university hospital. Because no care interventions were mandated and no protected health information was collected, signed patient consent was waived.
The ACS-NSQIP methodology has been described in detail elsewhere and is summarized here. 15, 17 A systematic sampling process is used to select cases for data collection and analysis. At our institution, general, vascular, and urologic surgery operations requiring general, epidural, or spinal anesthesia are prospectively divided into 8-day cycles. The first 40 operations within each 8-day cycle are included. High-volume, low-risk operations such as inguinal hernia repair or breast lumpectomies are limited to 5 operations in an 8-day cycle to provide a broad operative procedure sampling. Vascular operations involving the thoracic aorta were excluded. For each operation, a trained risk assessment nurse prospectively collects preoperative patient demographics, preoperative comorbidities, operative informative and selected intraoperative elements, and postoperative adverse occurrences up to 30 days after the operation. Detailed definitions of ACS-NSQIP preoperative patient demographics and comorbidities are available in the appendix. High-risk procedures were defined as intrathoracic, suprainguinal vascular, or intraperitoneal procedures, excluding hernia repairs. 6 On the 30th postoperative day, the nurse obtains outcome information through chart review, reports from morbidity and mortality conferences, and communication with each patient by letter or by telephone. CAEs were defined to include any of four events: Q-wave acute myocardial infarction, non-ST elevation myocardial infarction, cardiac arrest requiring cardiopulmonary resuscitation, or new cardiac dysrhythmia. According to ACS-NSQIP definitions, acute myocardial infarction was defined as a new transmural acute myocardial infarction occurring during the operation or within 30 days after operation, as manifested by new Q-waves on an electrocardiogram. Non-Q-wave infarctions with abnormal serum troponin-I were included in the non-ST elevation myocardial infarction group. The 99th-percentile value for normal patients undergoing a troponin-I assay at our institution is 0.06 ng/dl, and the 10% coefficient of variation for the assay is 0.30 ng/dl. According to American Heart Association guidelines, patients exhibiting a peak serum troponin-I above this 10% coefficient of variation (0.30 ng/dl) were defined as experiencing a perioperative myocardial infarction, based on serum biomarkers. 18 Cardiac arrest was defined as the absence of cardiac rhythm or the presence of chaotic cardiac rhythm that results in loss of consciousness, requiring the initiation of any component of basic or advanced cardiac life support. Patients who have automatic implantable cardiac defibrillators that fire, but who have no loss of consciousness, are excluded from this definition. A new cardiac dysrhythmia event required electrocardiogram evidence of atrial flutter, atrial fibrillation, or new second-or third-degree atrioventricular conduction block.
A surgical clinical nurse reviewer is assigned at each medical center to collect the ACS-NSQIP data. The nurses complete in-depth training on all study definitions and data collection methods. Periodically, interrater reliability site visits are conducted, in which a national nurse clinical specialist visits the site, reviews the case selection, reabstracts a sample of charts, and compares the results with the locally obtained variable values.
Intraoperative hemodynamic monitoring data were acquired via an automated, validated electronic interface from the physiologic monitors (Solar 9500 ® ; General Electric Healthcare, Waukesha, WI). The interface records one invasive arterial catheter blood pressure measurement each minute, and all noninvasive blood pressure measurements. Each intraoperative anesthesia record was analyzed as a series of 10-min periods. For each 10-min period, the median systolic blood pressure (SBP), median mean arterial pressure (MAP), and median heart rate (HR) were calculated. Clinically aberrant values defined as a SBP Ͼ 280 mmHg, SBP Ͻ 50 mmHg, MAP Ͼ 200 mmHg, MAP Ͻ 40 mmHg, or HR Ͻ 30 beats/min were excluded from the median calculation. The use of a median value and exclusion of aberrant values has been demonstrated to decrease the impact of monitoring artifacts and clinically transient physiologic derangement. 19, 20 These median values were compared to absolute and relative hypotension thresholds, SBP Ͻ 80 mmHg, SBP Ͻ 70 mmHg, MAP Ͻ 60 mmHg, MAP Ͻ 50 mmHg, 30% decrease in SBP from preoperative baseline, 40% decrease in SBP, 30% decrease in MAP, 40% decrease in MAP, and absolute tachycardia thresholds of HR Ͼ 80 beats/min, HR Ͼ 90 beats/min, or HR Ͼ 100 beats/min. If a patient exceeded a given threshold, he or she was noted to have experienced that specific level of hypotension or tachycardia. Finally, case length in hours and the number of units of packed red blood cells (PRBC) administered intraoperatively were recorded for each operation.
Statistical Analysis
Statistical analysis was performed using SPSS ® Version 15 software (SPSS Inc., Chicago, IL). Collinearity diagnostics were evaluated for all preoperative predictors. 21 To improve clinical usability, continuous variables were transformed into dichotomous variables by identifying the maximal sum of sensitivity and specificity. The preoperative variables (table 1) were entered into a logistic regression full model fit. A preoperative predicted probability for CAE based on this model was calculated for each patient and then used for patient risk stratification. 22, 23 This predicted probability is based on the ß coefficient of each variable entered in the full model fit. A given patient's predicted probability represents the probability (ranging from 0 to 1) of a CAE outcome based on the preoperative characteristics. This predicted probability was then used for patient risk stratification by separating patients into four risk quartiles. 22, 23 All variables deemed to be significant in the full model fit (P Յ 0.05) were established as independent predictors. Each variable was also assessed for effect size using the adjusted odds ratio calculated by the logistic regression full model fit. 24 The resulting model's predictive value was evaluated using a receiver-operating characteristic curve area under the curve, also known as a c-statistic for dichotomous outcomes. 25 In addition, an unweighted risk scale assigning one point to each risk factor was created, using the independent risk factors. This unweighted risk scale was compared to the full model fit logistic regression predictive value using the c-statistic. 25 Intraoperative hemodynamic management and interventions were assessed by two different methods. First, the preoperative and intraoperative variables were combined into one comprehensive logistic regression full model fit. This comprehensive model's c-statistic was compared to the preoperative model c-statistic to assess for incremental predictive value. Second, patients were stratified into four CAE risk quartiles to create groups of patients with similar preoperative risk (Quartile 1 ϭ low risk, 2 ϭ medium risk, 3 ϭ medium-high risk, 4 ϭ high risk). 26 The predicted probability describing the preoperative likelihood of experiencing a CAE was used to create the risk quartiles. This predicted probability was based on the preoperative predictor logistic regression, full model fit ␤ coefficients. After collinearity diagnostics and correlation adjustment, intraoperative variables were entered into logistic regression full model fit performed within each quartile.
Results
A total of 8,290 ACS-NSQIP patients operated on between 2003 and 2007 were reviewed. A total of 550 patients were excluded: 264 because of the absence of intraoperative hemodynamic data, 252 because the 30-day follow up period had not elapsed, 25 because the operative procedure involved the thoracic aorta, and 9 because the patient's age was less than 18 yr. Three primary surgical services were represented in the resulting 7,740-patient data set: general surgery (n ϭ 4,937), vascular surgery (n ϭ 1,846), and urological surgery (n ϭ 957). Eighty-three CAEs were observed among the 7,740 patients (1.1%), with cardiac arrest and cardiac dysrhythmia representing the most common event (table 2) .
In general, patients experiencing a CAE demonstrated higher rates of most systemic comorbidities (table 1) . Collinearity diagnostics did not reveal a condition index over 30, so a bivariate correlation matrix was not necessary, and all 18 preoperative variables listed in table 1 were entered into the full model fit. Age was converted into a categorical variable through the use of a receiver-operating-characteristic curve, and demonstrated the optimal balance of sensitivity and specificity at a cutoff of age Ն 68 (data not shown). Body mass index (BMI) demonstrated an optimal balance at a cutoff of BMI Ն 30 kg/m 2 (data not shown).
The logistic regression full model fit was performed on 7,672 patients, and revealed 7 independent preoperative predictors (P Ͻ 0.05): age Ն 68, BMI Ն 30, emergent surgery, previous coronary intervention or cardiac surgery, active congestive heart failure, cerebrovascular disease, and hypertension requiring medication (table 3) . This model was evaluated using the omnibus tests of model coefficients, which demonstrated a chi-square value of 88 with 18 degrees of freedom, and a P value of Ͻ 0.001. The adjusted odds ratio for each risk factor and 95% confidence interval were reviewed and found to be significant. The c-statistic for this preoperative model was 0.77 Ϯ 0.03 ( fig. 1 ). The receiver operating characteristic curve for the unweighted model assigning one point for each risk factor dem- (table 3) . The model was evaluated using the omnibus tests of model coefficients, which demonstrated a chi-square value of 122 with 21 degrees of freedom and a P value of Ͻ 0.001. This model had a c-statistic of 0.81 Ϯ 0.02. When compared to the c-statistic of 0.77 Ϯ 0.03 for the preoperative variables only, the inclusion of the intraoperative variables did improve the predictive value of the model. The adjusted odds ratio for each predictor was statistically significant ( fig. 2 ). Receiver operating characteristic curve analysis demonstrated an optimal sum of sensitivity and specificity at a threshold of 1 unit of PRBCs and an operative duration of 3.8 h (data not shown).
A second intraoperative predictor analysis was performed after patients were divided into four CAE preoperative risk quartiles (table 5) . These quartiles were based on the preoperative full model fit predicted probability of a CAE. The univariate analysis within each quartile comparing intraoperative variables among patients with and without a CAE demonstrated several statistically significant differences (table 5). Among Quartile 3 (medium-high risk) patients, patients experiencing a CAE were more likely to experience an episode of MAP Ͻ 50 mmHg (6% vs. 24%, P ϭ 0.02), experience an episode of 40% decrease in MAP (26% vs. 53%, P ϭ 0.01), and a longer operative duration (2.8 h vs. 4.9 h, P Ͻ 0.001). Among Quartile 4 (high risk) patients, patients experiencing a CAE were more likely to experience an episode of HR Ͼ 100 (22% vs.. 34%, P ϭ 0.05) and a longer operative duration (3.1 h vs. 4.0 h, P ϭ 0.02). Next, a logistic regression full model fit was performed within each quartile to identify independent predictors. For Quartile 1 (low risk) patients, the number of units of PRBCs administered was a significant independent predictor of a CAE (0.1 units vs. 7.8 units, P ϭ 0.02). For Quartile 2 (medium risk) patients, operative duration was a significant independent predictor (2.9 h vs. 3.9 h, P ϭ 0.04). Among Quartile 3 (medium-high risk) patients, operative duration was also a significant independent predictor (2.8 h vs. 4.9 h, P Ͻ 0.001). Finally, for Quartile 4 (high risk) patients, the number of units of PRBCs administered was a significant independent predictor of a CAE (0.4 units vs. 1.9 units, P ϭ 0.008).
Discussion
Our data are consistent with recent studies demonstrating that the incidence of perioperative CAEs is approximately 1 to 2% in a noncardiac surgery population. 1, 6 This consistency is observed despite variations in patient population, CAE definitions, and surveillance techniques. Lee's RCRI excluded patients younger than 50 yr and emergency surgeries. 6 As a result, our analysis, which includes these patient populations, may be a more accurate reflection of routine clinical experience.
In addition, our CAE definition did not include isolated pulmonary edema as an outcome measure. This arguably subjective diagnosis of a primary cardiac event accounted for 42 of the 92 events observed in Lee's study protocol. 6 Finally, unlike the majority of Lee's patient population, our study protocol did not include surveillance biomarker and electrocardiogram monitoring.
We are able to confirm several preoperative predictors of a perioperative CAE previously reported by Lee and Goldman. 5, 6 Advanced age, congestive heart failure, and emergency surgery were first identified by Goldman et al. in their review of 1,001 patients undergoing noncardiac surgery. 5 We are also able to confirm Lee's finding that cerebrovascular disease, a history of ischemic heart disease, and congestive heart failure predict a perioperative CAE. 6 Unique to this study, we found that hypertension requiring medication and obesity (BMI Ն 30 kg/m 2 ) were significant independent predictors for CAE that are not found in Lee or Goldman's risk indices.
We are unable to confirm three RCRI predictors: insulindependent diabetes mellitus, serum creatinine Ͼ 2.0, and high-risk surgery. The medical management of both insulindependent diabetes mellitus and chronic renal insufficiency has made marked advances since 1994, when the enrollment period for Lee et al.'s study closed. 6 Aggressive outpatient and inpatient regimens demand tight glycemic control via oral hypoglycemics and insulin. 10,11 The absence of insulin-dependent diabetes mellitus in our predictive model may reveal the value of the 10 yr of improved glycemic management standards. Neither Goldman nor Lee evaluated obesity as a predictor, so it is possible that we have identified an underlying comorbidity associated with insulin-dependent diabetes mellitus. Entirely new medication classes modulating the angiotensin system have become the standard of care in managing renal insufficiency, congestive heart failure, and essential hypertension. 9, 13 Previous data demonstrate that the use of angiotensin-converting enzyme inhibitors improves cardiac outcomes in the nonoperative setting. 12, 14 Unfortunately, this dataset does not offer objective elements that may help us assess the quality of the comorbidity management, such as hemoglobin A1c or serum creatinine trends, or severity of disease.
We are also unable to confirm high-risk surgery as a predictor, despite multiple previous studies suggesting its role. 1, 5, 6, 27 This may be because of variations in definitions of high-risk surgery. For example, although an umbilical hernia repair would be considered intraperitoneal, and thus high-risk by Lee's methodology, we did not code all hernia repairs as high-risk. In addition, our patient population did not include "low-risk" procedures such as orthopedics, which accounted for 35% of Lee's study group. Finally, Lee's exclusion of emergency surgeries may have resulted in a greater predictive role for high-risk proce-dures. Despite these variations from previous studies, our preoperative model did have an excellent predictive capability, demonstrating a c-statistic of 0.77, as compared with 0.76 for Lee's RCRI.
The model also compares well to other prominent perioperative risk indices offered by Detsky and Boersma. 27, 28 In one study, Boersma et al. modified the Lee RCRI and evaluated its ability to predict perioperative death using a large administrative database. 27 By adding patient age, emergency status, a modified high-risk surgery definition, and laparoscopic technique into the Lee model, they were able to demonstrate a c-statistic of 0.85 for predicting 30day cardiovascular death. We are able to confirm the importance of age and emergency surgery and suggest that clinical risk stratification must incorporate these elements. However, our data did not demonstrate a role for laparoscopic surgery in predicting CAEs. Although the Boersma model did demonstrate an impressive predictive power, the outcome studied was restricted to cardiovascular death only; these data fail to incorporate clinically significant myocardial ischemia or dysrhythmias. Detsky et al. modified the Goldman risk model, and their model is consistent with our incorporation of age and emergency operation as predictors. 28 Unfortunately, the Detsky model requires clinicians to ascertain their institution-specific CAE risk and tabulate a patient risk score, with different risk factors contributing 5, 10, or 20 points. These data are then combined using a nomogram that yields a patient-specific posttest probability. These data were based upon a unique and small dataset of 455 patients referred to a preoperative medicine clinic. The risk index demonstrated a c-statistic of 0.75, similar to our preoperative model's 0.77.
Our addition to the CAE risk stratification literature provides an essential update. Although the perioperative CAE literature has evolved from prediction to optimization, the recent controversies regarding classically held therapies such as coronary revascularization and beta blockade call into question the maturity of our risk stratification literature. 2, 7, 8 Perhaps the failure of our therapeutic options is based on inaccurate prediction of which patients are at high risk for a perioperative CAE. Our data demonstrate that the role of comorbidities such as diabetes and renal insufficiency may require reevaluation. More importantly, our data offer further evidence that obesity itself may be an independent predictor of perioperative CAE. Although neither Lee nor Goldman evaluated patient BMI, recent national data also identifies elevated BMI as an independent predictor of perioperative CAE. 1 Recent guidelines regarding perioperative CAE risk stratification only mention obesity as a risk factor for coronary artery disease, not as a predictor of a CAE itself. 3 Our comprehensive preoperative and intraoperative predictor model demonstrated that operative duration and increased PRBC administration are associated with perioperative CAE, independent of preoperative patient risk factors. Operative duration has previously been noted to be associated with postoperative CAE, using the ACS-NSQIP dataset. 1 We cannot assess whether operative duration is simply a proxy for case complexity, or whether prolonged physiologic perturbations associated with surgery and anesthesia itself are playing a primary role. PRBC administration poses a similar quandary in that this predictor could reflect the deleterious effects of transfusion, or be a proxy for complex surgery or blood loss. Estimated blood loss has been identified as a predictor of postoperative morbidity and mortality, 16 although it has not been specifically associated with perioperative CAEs. In summary, the inclusion of operative duration and PRBC administration in our final predictor model improves the c-statistic from 0.77 for the preoperative model to 0.81 for the comprehensive preoperative and intraoperative model. These data demonstrate that the inclusion of intraoperative variables improves the identification of patients at risk for a CAE. Although the preoperative predictor model may be used to make a decision to proceed with surgery or defer awaiting optimization, the comprehensive model incorporating both preoperative and intraoperative predictors may prove invaluable when deciding on postoperative management of the patient. Patients found to be at high risk because of a combination of preoperative and intraoperative risk factors could be guided to aggressive postoperative surveillance, monitoring, and management.
The intraoperative predictor analysis within preoperative risk quartiles detailed in table 5 hoped to evaluate whether patients with variant a priori risk demonstrated differential response to intraoperative physiologic insults. Univariate analysis did demonstrate that Quartile 3 (medium-high risk) patients demonstrating a CAE were more likely to have experienced a 10-min period of MAP Ͻ 50 mmHg (P ϭ 0.02) or a 40% reduction in MAP (P ϭ 0.01), as compared with preoperative baseline MAP (table 5 ). In addition, tachycardia Ͼ 100 beats/min (P ϭ 0.05) was associated with a perioperative CAE for Quartile 4 (high risk) patients (table 5) . Our data are consistent with existing vascular surgery literature, which suggests that tachycardia is associated with postoperative myocardial ischemia. 29,30 Of note, our observed tachycardia threshold of Ͼ 100 beats/ min is more extreme than previously reported. 29 Because there are very limited data evaluating intraoperative hypotension and postoperative CAE in noncardiac surgery, we struggle to compare our findings with the existing literature. 3, 31 The term "intraoperative hypotension" itself is ill-defined. 31 Outcome-based definitions of the concept require large datasets and the ability to risk-stratify patients based on preoperative comorbidities that may be associated with hypotension. As a result, our data should be viewed as a first step toward an important endpoint. Future studies should combine similar datasets and definitions to attempt to define "intraoperative hypotension" by objective outcomes. Despite a large overall study size, the quartile-based analysis struggles with accurate prediction of CAEs because of the smaller divided dataset. As a result, although we observed univariate relationships between hemodynamic derangements and perioperative CAEs, no specific level of hypotension or tachycardia demonstrated an independent association with the CAE outcome after adjusting for operative length and blood product administration.
There are several limitations to our analysis. First, it is restricted to patients undergoing general, vascular, and urologic surgery. Although this dataset comprises a broad group of patients and operative risk categories, it does not include common orthopedic, gynecologic, neurosurgical, and otorhinolaryngology procedures. Although the CAE risk factors are likely similar, our conclusions are based on a different procedural population. Second, these data are collected from a single tertiary-care hospital. Most of the current literature and existing models such as the Lee RCRI suffer from a similar limitation. Nevertheless, our study's conclusions must be validated at additional centers and with a nonuniversity hospital patient population. Next, the event detection process did not include a surveillance protocol with scheduled laboratory testing or patient evaluation. Routine clinical care was administered and postoperative CAE were recorded based on a review of clinical documentation, laboratory values, morbidity conferences, and personal interviews with patients. However, clinically silent ischemic events which are known to confer increased long-term mortality risk would not have been detected unless the primary service ordered a diagnostic test that identified an abnormality. Finally, much like the Lee RCRI derivation, our analysis offers a relatively low number of events available for statistical analysis when compared with the number of clinical variables to be evaluated. As a result, we are at risk for possibly "overfitting" the regression model, and the independent predictors we have identified should be validated in a distinct data set. 32 Nevertheless, the predictors' significant adjusted odds ratios and tight confidence intervals suggest that the model offers a valid starting point. Finally, we cannot comment on the role of perioperative medical management in modifying the risk of a CAE, a topic of much controversy in the perioperative literature. 33 We did not include medication regimens in the analysis for several reasons. First, the addition of more variables would only exacerbate any "overfitting" of the model, a limitation already discussed. Second, it difficult to define and verify "compliance" with preoperative medication regimens, an essential criterion when trying to address the value of a given medication. Most importantly, a robust commentary on medication effects would require detailed propensity score matching regarding the likelihood to receive the medication. It is unlikely that a dataset containing only 83 events would be large enough to result in a robust propensity score match and commentary. Finally, the current perioperative CAE literature has typically separated the risk stratification and optimization analytics. 1,3,6,7,28, 34, 35 In summary, our data offers a much-needed update to the perioperative CAE prediction literature. The management of the chronic medical conditions previously reported to be associated with CAEs has advanced markedly, and may reflect why our prediction model does not include previously reported risk factors. Our data also suggest a role for obesity as an independent predictor of a perioperative CAE. Our comprehensive preoperative and intraoperative model demonstrates a predictive value superior to current risk prediction tools, and should be incorporated into clinical decision-making throughout the perioperative continuumpreoperative, intraoperative, and postoperative. Our data also offers a starting point for larger studies seeking to identify specific hypotension thresholds independently associated with perioperative CAE.
